We report a Raman scattering study of six rare earth orthoferrites RFeO3, with R = La, Sm, Eu, Gd, Tb, Dy. The use of extensive polarized Raman scattering of SmFeO3 and first-principles calculations enable the assignment of the observed phonon modes to vibrational symmetries and atomic displacements. The assignment of the spectra and their comparison throughout the whole series allows correlating the phonon modes with the orthorhombic structural distortions of RFeO3 perovskites. In particular, the positions of two specific Ag modes scale linearly with the two FeO6 octahedra tilt angles, allowing the distortion throughout the series. At variance with literature, we find that the two octahedra tilt angles scale differently with the vibration frequencies of their respective Ag modes. This behavior as well as the general relations between the tilt angles, the frequencies of the associated modes and the ionic radii are rationalized in a simple Landau model. The reported Raman spectra and associated phonon-mode assignment provide reference data for structural investigations of the whole series of orthoferrites.
I. INTRODUCTION
In the past, RFeO 3 perovskites have attracted considerable interest due to their remarkable magnetic properties [1] [2] [3] . At ambient conditions, they adopt an orthorhombic Pnma structure, hence their common name orthoferrites. This orthorhombic structure can be derived from the ideal cubic perovskite structure by rotations (tilts) of its FeO 6 octahedra, where the tilt angles can be tuned by the size of the rare earth R. All members of the family possess a canted antiferromagnetic structure arising from spin moments of the Fe
3+
cations. The antiferromagnetic ordering of the iron ions occurs at a Néel temperature T N around 650 to 700 K. Several orthoferrites show a spin reorientation at lower temperatures. In contrast to the Fe 3+ cations, the magnetic moments of the R 3+ rare earth ions order below 10 K. Interestingly, a so-called compensation point where moments of the two sublattices cancel has been reported for several RFeO 3 compounds [1] . More recent studies have also focused on spin-ordering processes of the rare earth ions [4] [5] [6] and the interaction between magnetism and crystal lattice, including the role of spin-lattice coupling in multiferroic properties [7] [8] [9] [10] [11] .
Tilts of the FeO 6 -octahedra are the main structural parameters to tune the band overlap and thus the physical properties of orthoferrites. Unfortunately, tilt angles are chronically difficult to probe directly, specifically in thin films, because they require in depth diffraction experiments needing at best large-scale instruments using neutron or synchrotron radiation. Alternatively, Raman spectroscopy (RS) is a well-known technique to follow tilt-driven soft mode phase transitions [12] [13] [14] . More recently, it has been shown that RS is also an appropriate probe for the investigation of lattice distortions and slight changes in octahedra rotations [15] [16] [17] [18] . Further to this, RS is an ideal probe for the investigation of spinphonon coupling phenomena [19] [20] [21] [22] [23] . Finally, RS is a now widely used technique for probing even subtle straininduced structural modifications in oxide thin films [24] [25] [26] . All such investigations rely on thorough reference spectra, solid knowledge of the relations between structural distortions phonon modes, and on a proper band assignment of vibrational bands in terms of symmetry and atomic displacement patterns. The present paper aims at providing this fundamental knowledge by investigating both experimentally and theoretically a series of orthoferrites and by proposing a consolidated view of this new data together with available literature data on other members of the family.
II. EXPERIMENTAL
SmFeO 3 single crystals were grown in an opticalfloating-zone furnace as described elsewhere [5] . Three single domain platelets were oriented along the three orthorhombic directions, with their edges also parallel to cristallographic axes, and polished down to a thickness of 100 µm. The single domain state was verified by XRD and polarized light microscopy. A SmFeO 3 crystal was manually grinded to acquire a homogeneous powder. LaFeO 3 and EuFeO 3 powders were obtained by conventional solid state reactions. GdFeO 3 and DyFeO 3 powder samples were prepared using the urea sol-gel combustion method, reported elsewhere [27] and their quality was checked by XRD and SEM. TbFeO 3 samples were prepared by floating zone method in FZ-T-4000 (Crystal Systems Corporation) mirror furnace. As starting materials, Fe 2 O 3 (purity 2N, supplier: Sigma Aldrich), and Tb 4 O 7 (purity 3N, supplier: Alpha Aesar) were used. They were mixed in a Tb:Fe stoichiometric ratio, cold pressed into rods and sintered at 1100
• C from 12 to 14 hours in air. Their quality was checked by X-ray powder diffraction and by energy dispersion X-ray analysis, confirming the single perovskite phase.
Raman scattering measurements were performed with an inVia Renishaw Reflex Raman Microscope in microRaman mode. For excitation a 633 nm He-Ne laser with a spectral cut-off at 70 cm −1 was used. Great care was taken to avoid heating of the sample by limiting the incident laser power. Samples were cooled to liquid nitrogen temperature in a Linkam THMS600 stage in order to reduce thermal broadening of the spectra and ease the identification of Raman bands. The band positions were obtained by fitting the spectra with Lorentzian functions.
For the calculations we used density functional theory (DFT) within the generalized gradient approximation revised for solids, [28] as implemented in the Vienna ab-initio Simulation Package (VASP) [29, 30] . For a better treatment of iron's 3d electrons, we used the Hubbard-like correction proposed by Dudarev et al., [31] with U eff = 4 eV. The ionic cores were treated within the projection augmented approximation (PAW), [32] for Sm and La. Note that, for the generation of the PAW potentials of the rare-earth species, a 3+ ionization state was assumed and the remaining 4f electrons were considered to be frozen in the ionic core. We explicitly checked in one case (GdFeO 3 ) that this approximation has a very small impact on the phonon frequencies and eigenvectors of interest in this work. Electronic wave functions are described in a basis of plane waves cut-off at 500 eV; reciprocal space integrals in the Brillouin zone of the 20-atom P nma cell were computed in a mesh of 4×3×5 k-points. Structural optimization were performed until residual atomic forces are smaller than 0.01 eV/Å and phonon spectra were computed calculated by the finite difference method.
III. RESULTS AND DISCUSSION
A. Structural properties of the RFeO3 series Rare earth orthoferrites crystallize in an orthorhombic Pnma structure at ambient conditions. With respect to the parent cubic perovskite phase Pm3m, the Pnma structure in orthoferrites can be derived by octahedral rotations. In Glazer's notation the octahedra tilt system is expressed as [34] . Megaw has shown that it is sufficient to consider two independent angles θ and φ in order to describe the octahedral rotations of the Pnma phase, assuming that the octahedral tilts a − x and a − z are approximately equal [35] . The angle Φ can be then expressed as cos Φ = cos θ cos φ [34] . The octahedra rotations represent the order parameters for a hypothetical phase transition to the cubic Pm3m phase.
Similar to other perovskites with Pnma structure, such as orthochromites RCrO 3 , orthomanganites RMnO 3 , orthonickelates RNiO 3 , or orthoscandates RScO 3 , we can assume in good approximation that changing the rare earth affects negligibly the chemical bonding of the material. In contrast, the size of the rare earth impacts on the distortions of the structure, as measured for example by the tilt angles or the spontaneous strains, and can be continuously tuned by the size of the R 3+ rare earth. The octahedral rotations are most reliably calculated from atomic positions following the formalism in Ref. 36 . Table I summarizes the structural properties of all members of the RFeO 3 family. In Fig. 1 the structural evolution throughout the series is illustrated by the unit cell volume, which scales linearly with the ionic radius, and the lattice parameters.
The tolerance factor, given in Table I , is an indication for the stability of the perovskite structure. The closer its value is to 1, the closer the structure is to the cubic structure. From both, pseudo-cubic lattice parameters and tolerance factor, we find that with increasing ionic radius of the rare earth, from lutetium to lanthanum, the structure approaches a cubic metric. Notably, LaFeO 3 appears to be closest to a cubic structure.
B. Raman spectra and mode assignment
The orthorhombic Pnma structure gives rise to 24 Raman-active vibrational modes [40] , which decompose into Γ Raman = 7A g + 5B 1g + 7B 2g + 5B 3g . Schematically, the vibration modes below 200 cm motions are not Raman-active. Fig. 2 shows the Raman spectra of six rare earth orthoferrites RFeO 3 (R = La, Sm, Eu, Gd, Tb, Dy), all measured at 80 K in order to reduce thermal broadening and make mode identification easier. Thanks to well-defined spectra, we identify between 18 and 21 vibration bands, depending on the compound. The remaining predicted modes are either masked by band overlap or their intensity is below the detection limit. The Raman spectra of SmFeO 3 , EuFeO 3 , GdFeO 3 , TbFeO 3 and DyFeO 3 present a similar overall shape which allows Table I : Structural characteristics of RFeO3 samples: R 3+ ionic radii (r R 3+ values given in an eightfold environment [37] , lattice parameters, tolerance factor t calculated from the ionic radii following [34] 
) and octahedra tilt angles (φ[010], θ[101]) calculated from the atomic coordinates. The data for the crystal structures are from Refs. [38, 39] .
Lattice parameters (P nma setting) FeO6 octhahedra tilt angle V III ionic radius [37] . The lattice parameters are taken from ref. [38, 39] .
to follow the evolution of particular bands throughout the series. The spectral signature of LaFeO 3 is distinctly different as explained by the size difference between La and also its proximity to the cubic structure (see Fig. 1 ). This is similar to observations for other rare earth perovskites, where the Raman spec- trum of the lanthanum member is systematically different when compared to the remaining members of the series [15, 17, 41] . This will be elaborated on later in the discussion.
In order to go further in the mode assignment, we performed a polarized Raman study of SmFeO 3 single crystals. Indeed, the identification of the symmetry of the difference Raman bands is difficult if not impossible from powder samples alone. On the other hand, polarized Raman spectroscopy on well-oriented single crystals allows identifying the symmetries of phonon bands. Raman modes of a given symmetry can be selectively probed through particular configurations of incident and scattered light polarizations with respect to the orientation of the crystal. This experimental configuration is expressed in Porto's notation [42] . In the following, we use X, Y, Z to indicate the crystallographic axes in the Pnma setting. Figure 3 presents the obtained results for SmFeO 3 single crystals for twelve scattering configurations. Fig. 3a shows the Raman spectra for A g configurations modes, while spectra exhibiting B 1g , B 2g or B 3g modes are given in Fig. 3b . In total, we identify all expected A g , six B 2g modes and four out of five B 1g and B 3g modes (see Table II ).
In a next step, we run DFT calculations of phonon modes for all measured orthoferrites in order to confirm the mode symmetries and associate a vibrational pattern to each mode. A summary of all theoretical and experimental band frequencies with their symmetry and characteristic atomic motions is given in Table II . The calculated frequencies are in very good agreement with our experimental values and the continuous evolution of the spectral signature.
The band between 600 and 650 cm in Fig. 3a shows a peculiar behaviour and needs a specific discussion. First, as can be seen in Fig. 2 , its frequency seems to be independent of the rare earth. Besides, it shows intensity variations from sample to sample that contrast with the other bands, and also exhibits a strong asymmetry. For SmFeO 3 , Fig. 3 shows that these bands appear with very low intensity in crossed polarization but are strongly visible in parallel configuration, which would rather point to a A g symmetry. However, as can be seen in Table II , the calculations predict two bands of B 2g and B 3g symmetry in this region, but no A g Raman mode, and all A g modes are already conclusively attributed. We therefore conclude that this band is not a first-order Raman mode.
A precise interpretation for this band is beyond the scope of this work, but we note that similar features have been described for other perovskite oxides, with unclear assignments and conflicting reports. As an example, Iliev et al. discussed it for LaCrO 3 [43] and demonstrated that its intensity can be reduced by annealing the sample in vacuum. Therefore it seems likely that it is related to chemical defects of the lattice [43] . Here, we note that DyFeO 3 and GdFeO 3 , where this band is stronger, were produced by a chemical metalorganic process, whereas the other samples (LaFeO 3 , SmFeO 3 , EuFeO 3 and TbFeO 3 ) were synthesized by solid-state reaction. A difference in defect chemistry originating from different growth processes is therefore plausible. C. Phonon Raman modes vs. ionic radii and octahedra tilt angle Figure 4 presents the evolution of the band positions for the different orthoferrites as a function of the ionic radii of the rare earths. Overall, Raman bands shift to lower frequencies with increasing r R 3+ , which naturally correlates with the increase in volume and, therefore, of most bond lengths. It can be seen that the frequencies of the Raman modes are differently sensitive to the change of rare earth. This is understood in the context of the structural instabilities in the Pnma structure. In the framework of Landau theory, the two octahedra rotations represent the two order parameters for a phase transition from the high-symmetry parent cubic perovskite phase. If a vibrational displacement is directly related to the order parameter, the phonon mode is called soft mode [14, 44] and can experience very large frequency shifts.
Thus our Raman data across the RFeO 3 family exhibits patterns that provide useful insights into the relations among structural order parameters, associated phonon frequencies, and steric effects driven by the R cation. To understand such patterns better, it is useful to think in terms of the simplest Landau-like potential connecting all the relevant ingredients, which we introduce in the following. Let Q denote the relevant structural order parameter, which may correspond to either antiphase or in-phase FeO 6 rotations in the case of orthoferrite perovskites. Also, let η be the isotropic strain of the material, and let us assume that Q = η = 0 corresponds to the ideal cubic perovskite. We can write the Landau free energy as a function of these variables as
where the A ′ (T − T t ) and B parameters define the potential well associated to the Q-instability, and we have assumed the simplest temperature (T ) dependence of the quadratic term as customarily done in Landau theory. We want to focus on the behavior of the material at temperatures well below the structural transition between the cubic and orthorhombic phases; hence, the transition region is of no interest to us and we can assume a simple fourth-order potential to describe the energy surface, introducing a characteristic T t ≫ T whose precise meaning (i.e., whether or not it coincides with the actual transition temperature) is irrelevant here. Our Landau-like potential also includes an elastic constant C that quantifies the stiffness of the material, as well as the lowest-order coupling between η and Q that is allowed by symmetry. (Because η is a fully-symmetric strain, the coupling that goes as ∼ ηQ 2 always exists irrespective of the symmetry of Q; further, this is the lowest-order coupling provided that Q is a symmetry-breaking order parameter, as it is the case here.)
In principle, we could write such a potential for each of the orthoferrites, fit the corresponding parameters to reproduce experimental data, etc. However, here we would like to test the following hypothesis: we assume that all the RFeO 3 orthoferrites present the same parameters quantifying the energetics of Q and η, and that the only feature changing from compound to compound is the value of the strain η, as dictated by the size of the rare-earth cation. More specifically, letr be a reference value for the ionic radii of the R 3+ cations (for the sake of concreteness, we can think ofr as an average value), and let r be the radius of the rare-earth cation for a particular RFeO 3 compound; then, such a compound is characterized by a strain η = κ(r −r), where κ is a suitable proportionality constant. We can further consider a Landau potential as the above one, but corresponding to some sort of average orthoferrite (i.e., with parameters obtained as an average of the parameters of specific compounds), substitute the expression for η = η(r), and postulate the resulting r-dependent potential as applicable to the whole family:
A key point to realize here is that the compound dependence is restricted to the harmonic part of the potential. Further, formally, the ionic radius r plays the exact same role as the temperature. Now, let us introduceĀ = A ′ (T − T t ) + κγ(r −r). Then, it is straightforward to derive
for the equilibrium order parameter at T ≪ T t . (At such a temperature, we assumeĀ < 0 for all relevant r values.) Further, the associated soft-mode frequency is
where m is a mass characteristic of the Q order parameter; for our FeO 6 -rotational cases, this reduces to the mass of the oxygen atom. Now, combining these equations we can write
which gives us the desired relation between the compound-dependent parameter (the ionic radius r), temperature, the relevant structural distortion, and its corresponding phonon frequency. In other words, we expect a linear relation between order parameter Q, i.e. the octahedra tilt angle, and the corresponding soft-mode frequency ω, which is solely dependent on the ionic radius r of the rare earth and the temperature T . In particular, if we fix T = T RT , this expression allows us to compare (and predicts the behavior of) the structural and Raman data across the orthoferrite series. In order to apply this relation to the orthoferrite family, the identification of the soft modes is crucial. An order parameter may give rise to several soft modes which do not necessarily need to be Raman active. However, using the group theoretical formalism of Landau theory, Birman [45] and Shigenari [46] demonstrated that one of the soft modes related to an order parameter has a Raman-active A g symmetry. In the Pnma structure it is therefore common to focus on the A g soft modes.
From our DFT calculations leading to the assignment of the bands to the respective vibrational pattern (see Table II (3) as a softmode is at variance with earlier work by Todorov and co-workers [18] and underlines the importance of precise calculations to gain full understanding of the experimental findings. Fig. 5 presents the evolution of the soft modes A g (3) and A g (5) against the corresponding tilt angle. For completeness and in order to test the general validity of this model, we extend our graph with literature data on orthoferrites with Lu, Tm, Er, Ho and Nd [47] [48] [49] [50] . The evolution shows the expected linear relation between the vibrational frequencies and the tilt angles of the RFeO 3 . This adds further support to the proposed soft-modelike relation of tilt frequency and size of the rare earth, not only in the orthoferrites, but also for other families where this behavior has been experimentally verified: orthomanganites [15] , orthochromates [17] , orthoscandates [16] among others [18] . However, at variance with these previous experimental data, our work on orthoferrites show two additional features that have to be commented on, namely that i) the two tilt modes follow two different lines and ii) LaFeO 3 deviates significantly from the general linear behaviour.
The octahedral-rotation angles and soft-mode frequencies do not present the same scaling for the different order parameters. /deg. This is natural and expected when bearing in mind that the two soft modes are associated to two independent orderparameters. The relation in Eq. 5 needs to be separately considered for each of the relevant order parameters (inphase and antiphase FeO 6 rotations in our case), and there is no reason to expect that the values of the coefficients in our Landau potential will be the same for different cases. However, this difference was never pointed out in previous investigations [15] [16] [17] [18] . This probably comes from a combination of factors including experimental difficulties in mode assignment and frequency determination, scattered data from a more limited number of compounds, and possibly differences in scaling factors coincidentally too small to be resolved experimentally. We believe that a careful (re)investigation of the other series will reveal this difference.
Last, we investigate the case of LaFeO 3 in more details. For LaFeO 3 , no A g Raman mode actually follows the scaling given by the other members of the series. Instead, the A g (2) and A g (3) modes, plotted as open triangles in Fig. 5 , fall below and above the scaling line respectively. On the other hand, we have already pointed out that the band positions in LaFeO 3 differ significantly from the other orthoferrites and do not seem to follow from a continuous evolution of the other spectra. In order to rationalize this comparatively exotic behaviour, we analyzed in details the vibrational patterns given from our firstprinciples calculations for LaFeO 3 and SmFeO 3 . This comparison reveals several frequency ranges where the modes do not keep their atomic displacement patterns from La to Sm, but instead exhibit mixed characteristics, which is expected from mode coupling phenomena between two modes of the same symmetry getting close to each other. In LaFeO 3 , the mode mixing occurs in the regions between 100 and 200 cm as indicated in Fig. 4 . In particular, it strongly affects the lower soft mode A g (3) as it approaches the lower lying A g (2) . For Sm
3+
and smaller cations, these two modes have very distinguishable atomic displacement patterns, with the A g (2) mode being dominated by R 3+ displacements while A g (3) is dominated by octahedral rotations. In contrast, in LaFeO 3 , the two modes have significant contributions from both La 3+ displacement and octahedral rotations. It is therefore no longer possible to identify any of them as the soft mode of interest associated to octahedral tilts only. The soft-mode frequency for a hypothetical unmixed-state would lie between the two positions. This in turns enable us to understand why the Raman spectrum LaFeO 3 is significantly different as a whole from the others members of the series, since the mode coupling will affect band positions and intensities. This behavior par excellence has been reported by Iliev et al. in orthomanganites [51] , was also found in the (La,Sm)CrO 3 solid solutions [41] and is probably a general phenomenon occurring in orthorhombic Pnma perovskites in the limit of small tilt angles, where distortions of the octahedra have to be taken into account [52] .
IV. CONCLUSION
We have presented a Raman scattering study of a series of orthoferrites RFeO 3 (R = La, Sm, Eu, Gd, Tb, Dy). A symmetry assignment of the observed modes has been presented on the basis of a single-crystal study of SmFeO 3 and DFT calculations, and by taking advantage of the continuous changes in the Raman spectra across the whole RFeO 3 series. This careful assignment has allowed to relate most of the vibration modes to their vibrational pattern and symmetries. Based on this, we can follow the structural evolution across the series and we have namely shown that the A g (3) and A g (5) modes are the soft-modes of A g symmetry which correspond to the octahedral-rotation order-parameters Q In this framework we have demonstrated the proportionality of soft-mode frequency and order parameter. Furthermore we have shown that for rare-earth orthoferrites (and similar series) the change of the soft-mode frequency depends only on the size of the rare earth (for a fixed temperature). This work provides reference data for structural investigation of the orthoferrite RFeO 3 family, and will be helpful in further studies of phenomena in orthoferrites including structural instabilities, possible ferroelectricity and multiferroicity, and rare-earth magnetism at low temperature via spin-phonon coupling.
